The present study aimed to explore the interactions of divalent counterions with biomolecular amphisin using circular dichroism (CD), ultraviolet-visible (UV-Vis) and density functional theory (DFT). The binding mode of interactions between metal-amphisin complexes and bovine serum albumin (BSA) were studied using fluorescence spectroscopy. The results showed that Cu 2+ is coordinated by one oxygen atom of the aspartic acid side chain and three amide nitrogen atoms, whereas Zn 2+ , Ca 2+ and Mg 2+ favour the association with backbone oxygen atoms of the amphisin. On the other hand, the aggregation of amphisin induced by divalent counterions was studied by dynamic light scattering (DLS). Our results revealed that the self-assembly process of amphisin can be controlled by the addition of metal ions. The results of CD spectra demonstrated that the binding of divalent counterions to the lipopeptide induces conformational changes in amphisin. Further studies using fluorescence spectroscopy showed that the metal-lipopeptide systems could interact with some functional groups of BSA, increasing the microenvironment around Trp residues of BSA. Thus, the interaction data acquired herein for the interesting class of complexes will be of significance in metal-based drug discovery and developmental research.
Introduction
Cyclic lipopeptides (CLPs) are surface active biosurfactants that are produced by a variety of microorganisms, including Gram-positive [1] and Gram-negative [2] bacteria. The best known CLPs are iturins, surfactins, lichenysins, fengycins and viscosins [3] [4] [5] [6] . Due to their chemical structure, as well as biological and physiochemical properties, CLPs are a particularly promising class of biosurfactants. Indeed, CLPs compounds exhibit activities that make them potentially useful in industry, environmental protection and medical fields. Previous research has highlighted their potential use as antibacterial [7] , antiviral [8] , antifungal [9] , or antitumor agents [10, 11] . CLPs are synthesized by multifunctional non-ribosomal peptide synthetases (NRPS) [12] . The molecular basis of CLPs biosynthesis has been extensively reviewed by many authors [13, 14] .
Amphisin is a lactam containing a β-hydroxydecanoyl fatty acid at- in water at pH 7.0 [15] . Amphisin is responsible for the biological activities against the important plant-pathogenic microfungi Pythium ultimum and Rhizoctonia solani. It is worth mentioning that amphisin belongs to a class of microbial surface active compounds that are low toxicity and biodegradability [16, 17] .
The metal ion coordination with metal chelating surfactant alters the ionic charge and/or molecular conformation of the surfactant and thus induces significant phase changes [18] . Recently, several experimental investigations have been devoted to understanding the biomolecular interactions between divalent counterions and cyclopeptides [19] . Such lipopeptide-metal complexes have gained greater self-assembly properties than the lipopeptide itself [20] . Previously, we studied conformational changes of metal-pseudofactin complexes by means of surface tension, DLS, computational and spectroscopic techniques. The addition of counterions was found to change the structure of pseudofactin, reduce the surface tension, and decrease the antimicrobial activity of lipopeptide against drug-resistant Staphylococcus epidermidis and Proteus mirabilis strains [21] .
In order to characterize the basic features of metal-lipopeptide complexes and their potential application in medicine and drug delivery, we performed a detailed analysis of conformational changes and self-assembly of amphisin-lipopeptide biosurfactant. In comparison with the number of surfactants [22, 23] , a relatively few metalbiosurfactant systems have been investigated for BSA-binding activity. Therefore, the reactivity of metal-lipopeptide complexes towards BSA is useful in the design of metal-lipopeptide antibacterial and anticancer therapeutics.
In this work, the biomolecular interactions between divalent counterions and lipopeptide-amphisin were studied by ESI-MS, UV-Vis and CD spectroscopy. To address the binding of divalent cations to amphisin, the conformational analysis of their complexes was performed. Moreover, the experimental results were supported by calculations based on the DFT. A comparative study of the interactions of the metallipopeptide complexes with BSA was performed as well as the related biological activities were explored theoretically with QSAR techniques. The studies of the metal-amphisin complexes and its complexes with BSA are helpful to understand the effects of Mg 
Material and methods

Lipopeptide production and purification
The 30:70) . Mass spectrometry of the purified amphisin revealed over 99% purity (Fig. S1 ).
Mass spectrometry
A Bruker compact™ mass spectrometer (Bruker Daltonics, Bremen, Germany) with electrospray ionization source in positive and negative ions mode was used. The purified amphisin (1 mM) was dissolved in aqueous solution (MeOH/ammonium acetate; 50/50; pH = 7.4). The amphisin was supplemented with CuCl 2 , ZnCl 2 , Mg(NO 3 ) 2 and CaCl 2 (molar ratio metal-amphisin = 1:1 and 2:1). A portion of the solutions (80 μL) were introduced at a flow rate of 3 μL min 
Spectroscopic studies of metal cation complexation
The UV-visible molecular absorption spectra of the metal-amphisin complexes were monitored between 200 and 450 nm (Varian Carry 50 Bio spectrophotometer; Varian, USA). The concentration of amphisin (0.5 mM) was diluted in 25 mM ammonium acetate (pH 7.4) for all divalent metal ions measurements.
CD spectroscopy
Far-ultraviolet CD spectra (200-260 nm) of amphisin samples were performed using a spectropolarimeter J-1500 (JASCO, Tokyo, Japan) at room temperature (25°C), equipped with 0.5 cm quartz cuvette. The spectra of amphisin were collected in the presence of various concentrations on CuCl 2 , ZnCl 2 , Mg(NO 3 ) 2 and CaCl 2 (0.125-1 mM). Bandwidth was 2 nm and scanning speed was 50 nm min −1 . Each spectrum represents the average of nine scans. The α-helical and β-strand contents were calculated using BeStSel algorithm [24] .
Computational analysis
In order to determine the structure of lipopeptide-metal complexes many different conformations were analyzed. The optimized geometries were identified as a global minimum on the potential energy surface by harmonic vibrational frequencies calculation at the PM6 level of theory. It was proved by Steward et al. its applicability to estimate the properties of biocomplexes with transition metals [25] . It is also a reasonable compromise between cost and accuracy of calculations. In present study, only the lowest energy conformers were presented. Solvent effects were included by using the polarizable continuum model (PCM) [26] [27] [28] . All calculations have been performed with the version of the Gaussian 09 program [29] .
The molecular volume (V mon B3LYP ) of the amphisin and its metal complexes were determined as the volume within a contour of 0.001 electrons/bohr 3 density. The CAM-B3LYP/6-31++G** level of theory was employed to describe the systems [30] [31] [32] [33] . The length of the micellar radii (R H PM6 ), was taken as the distance between the farthest carbon atom one of Leu 5 and the carbon of the terminal methyl group of β-hydroxydecanoyl fatty acid side chain. The simulations of biological activity were performed using a combination of the 3D/4D QSAR BiS/MC and CoCon algorithms developed by the ChemoSophia Company [34] [35] [36] .
Surface tension measurements
The surface tension measurements were performed using a Krüss K100 Tensiometer (Krüss GmbH, Hamburg, Germany) at 25°C, according to the du Noüy's ring method [37] . Amphisin and metal ions were dissolved in 25 mM ammonium acetate (pH 7.4) and mixed to obtain several mixtures containing a constant metal ions concentration (0.5 mM) while the amphisin concentration varied from 0.0022 to 0.09 mM. The surface tension of the control sample (25 mM ammonium acetate (pH 7.4)) was 70.1 mN m −1
. The average equilibrium surface tension values were obtained by measuring each sample in triplicate.
Micelles size measurement by DLS
The size of the aggregates was examined by the dynamic light scattering technique using a photon correlation spectrometer Zetasizer Nano-ZS (Malvern, Worcestershire, UK). The scattering angle was 173°, and the experimental temperature was maintained at 25°C. The average equilibrium size micelles were recorded in nine times.
Fluorescence measurements
The fluorescence quenching spectra and synchronous fluorescence spectra were obtained by a Cary Eclipse Fluorescence Spectrophotometer. The emission spectra were recorded in the wavelength range of 300-400 nm by exciting protein at 280 nm using excitation and emission slit width of 3 nm and 5 nm respectively. For synchronous fluorescence spectra Δλ = 20 or 60 nm, the emission wavelength ranged from 200 to 400 nm. All the measurements were performed with the increasing concentrations of metal-amphisin complexes at 25, 30 and 37°C. All tested compounds were dissolved in 25 mM ammonium acetate buffer (pH 7.4); The concentration of BSA was determined from optical density measurements using the values of ε 280 = 44,720 M −1 cm −1 . Quenching parameters were calculated from the Stern-Volmer equation [38] :
where F 0 and F are the fluorescence intensities in the absence and presence of quencher (metal-lipopeptide complex), respectively, K SV is the Stern-Volmer quenching constant, [Q] is the concentration of quencher, k q is the biomolecular quenching rate constant, and τ 0 is the lifetime of the fluorophore. The fluorescence lifetime of BSA is about 5 ns [39] . For the static quenching interaction, the binding constant (K b ) and the number of binding sites (n) can be determined by the following equation:
where F 0 and F are the fluorescence intensities in the absence and presence of quencher (metal-lipopeptide complex), respectively, [Q] is the concentration of quencher.
Results and discussion
ESI-MS and UV-Vis measurements
The ESI-MS method has been used in a wide variety of fields to study the speciation, stoichiometry, and formation of metal-ligand complexes [40] . The ESI-MS spectra (Fig. S2) (molar ratio n Metal :n Ligand = 2:1) favours the formation of complexes with a 1:1 stoichiometry. A previous study of the interaction of natural lipopeptide gramicidin S with a series alkali metals indicated that the monovalent cations are bound to the exterior of the peptide ring, thus avoiding the charge repulsion of two alkali cations in the interior ). of the peptide ring [41] . In our previous work, we observed that pseudofactin II was also linked with only one metal cation and favours the formation of mononuclear complexes [21] . In order to confirm complexation of amphisin with divalent counterions, series of UV-Vis spectra of the amphisin in the presence of Cu 2+ , Zn 2+ , Mg 2+ or Ca 2+ ions at pH 7.4 were recorded. Fig. 1 presents the spectral absorbance changes of amphisin upon addition of metal ions. The UV-Vis spectrum of the amphisin showed one band at 310 nm. The absorption spectra (Fig. 1A) (see Fig. 1B-D) , and they exhibited similar absorbance change at 360 nm. Overall, the results of band shifts suggested that amphisin could bind with divalent metal ions and form mononuclear complexes.
Conformational analysis
In order to present the structural properties of the amphisin-cation complexes semi-empirical calculations were performed at PM6 level of theory. The obtained conformations for free and complexes of amphisin were presented in Fig. 2 . In the present study we report only the lowestenergy conformers. The conformational analysis was performed taking Fig. 2 two hydrogen bonds (equal 1.5 and 2.0 Å) are involved in stabilization the cyclic structure of free lipopeptide. The significant change in the mutual position of hydrophilic and hydrophobic groups of amphisin was observed after ion binding. In accordance with previous findings [42] , three amide nitrogens can coordinate Cu 2+ ion in planar configurations. Additionally, in this complex the oxygen atom from the side chain of the Asp amino acid is directly involved in metal ion binding (Fig. 2) . Three hydrogen bonds (1.5, 1.9 and 2.8 Å) may be one of the factors that can increase the stabilization of the analyzed systems. However, another metal bonding manner (see Fig. 2 ) by four oxygen donor atoms in an almost tetrahedral configuration has been observed in the case of Zn 2+ -amphisin complexes. Two oxygens are from the hydrophilic chain and two from the cycle part of amphisin in which the calcium oxygen-distances were set to 2.1 Å. The oxygens of side chains of aspartic acids are not involved in complex formation. In this case, there is also the largest modification of lipopeptide conformation due to the binding of metal. We have also found the presence of two moderate hydrogen bonds both of length 2.0 Å. In Fig. 2 the structure of amphisin-Mg 2+ complex was presented. The conformation of the complex does not change significantly after magnesium substitution and the metal is coordinated by four carbonyl oxygens. Similarly, as in our previous work we were not able to determine stable tri-and tetra-coordinated complexes with Ca 2+ ion [21] . In this case metal is coordinated by two oxygens and structural differences upon calcium binding are much smaller in comparison to the changes occurring upon of zinc ion binding. , Zn 2+ and Ca 2+ play a major role in the changes of the secondary structure of amphisin (Fig. 3) . This was further confirmed by the studies on the conformational analysis for metal-amphisin complexes (Fig. 2) .
Surface tension and size of micelles study
In this study, the surface tension profiles were obtained for amphisin alone and in the presence of metal ions (Fig. S3) , respectively. In order to monitor the size of micelles of amphisin altered by divalent metal ions, the dynamic light scattering measurements were performed. Besides utilizing the DLS to detect amphisin aggregation, DFT calculation was also potentially useful for measuring hydrodynamic radius of amphisin aggregates, particle size distribution of the aggregates. The experimental micelle volumes and hydrodynamic radii with their theoretically calculated counterparts and aggregation numbers, are shown in Table 2 (Fig. 2) .
To understand the structure variation of the lipopeptide aggregates, we have studied the influence of the divalent counterions on the micelle size of the amphisin at and above the CMC values. The concentrations of amphisin used in these studies (0.075 mM~CMC and 0.3 mM (4 × CMC)). The obtained R H DLS of the aggregates of 0.075 mM amphisin with Cu 2+ , Zn
2+
, Mg 2+ or Ca 2+ at molar ratio metal-amphisin = 1:1 are shown in Table 2 . Metal-amphisin complexes tend to form higher-order microstructures of different sizes with increasing concentrations of the counterions (Table 3 ). The experimental data reveals that like ordinary classical surfactants, our metallolipopeptides also have the tendency to associate themselves and form micelles at critical micelle concentration. It is found that the size of the aggregates only slightly increased with the supplementation of Zn 2+ and Mg
, whereas the increase of Cu 2+ and Ca 2+ concentration led to a more significant growth of the amphisin micelles. Two main intermolecular forces determine the micellization of surfactant. Due to the presence of the lipid chain, the hydrophobic interactions increase their ability to form micelles. In the absence of metal ions, the negative charged head of amphisin due to the electrostatic repulsion hinder the micellization. The addition of metal ions influences self-organization properties of the lipopeptide. This is related to the electrostatic interactions occurring between divalent counterions with negative charged side chain of the aspartic acids which eliminate the repulsion of neighboring amphisin molecules and support the micelle formation. Our results are consistent with earlier reports on the self-aggregation ability of lipopeptides with calcium metal ion [44] .
Fluorescence measurements
The effect of metal-amphisin complexes on intrinsic fluorescence of BSA is shown in Fig. 4 . From this figure, it is observed that with increasing concentration of the metal-amphisin complexes the fluorescence intensity of BSA experienced a decreasing tendency which indicates the binding interaction between the metal-amphisin and BSA. When metal-amphisin concentration increases, the fluorescence intensity decreases and a blue shift from 345 to 331 nm is observed in the maximal intensity. This interaction takes place adjacent to the Trp in BSA and changes the polarity around the fluorophore. This phenomenon is ascribed to the formation of BSA-metal amphisin complex.
Fluorescence quenching can occur through dynamic and static mechanisms [45] . The involvement of two types of quenching mechanism, dynamic and static can be distinguished by the temperature dependent behavior of their Stern-Volmer quenching constants (K SV ). ).
The K SV values decrease with an increase in temperature for static quenching, but the reverse effect will be observed for dynamic quenching [45] . In order to evaluate the mode of quenching, the SternVolmer equation (Eq. (1)) was used. Stern-Volmer quenching constant (K SV ) values were obtained from the slope of the regression curves. The linearity of Stern-Volmer plot reveals a single quenching mechanism operative in the binding process (Fig. 5) . The K SV values obtained from the Stern-Volmer plot (Table 4 ) decreases with the increase of temperature represents the involvement of static quenching. The Cu
2+
-amphisin complex was found to have a higher quenching constant ( (Fig. 6 ). As shown in Table 5 , we observed that binding constant value of amphisin with Cu 2+ was found to be greater than the respective amphisin complexes with Zn 2+ , Mg 2+ and Ca 2+ . The values of n obtained for metalamphisin complexes are approximately equal to 1 which indicates that there may be the existence of a single binding site for the metalamphisin complexes in BSA. Synchronous fluorescence spectroscopy can give information about the molecular environment in the vicinity of a chromophore such as Trp and Tyr and it involves simultaneous scanning of the excitation and emission monochromators while maintaining a constant wavelength interval between them. When the wavelength interval (Δλ) is set at 60 or 20 nm, synchronous fluorescence generates the characteristic information of Trp or Tyr residues. As shown in Fig. 7 , all tested metal-amphisin complexes increase the fluorescence intensity of Tyr (Δλ = 20 nm), and decrease fluorescence intensity of Trp (Δλ = 60 nm). The results show similar changes in the fluorescence intensity of BSA with cationic surfactants [46] . The result of synchronous fluorescence indicates that the binding of metal-amphisin complexes induce considerable conformational changes in the BSA. These observations illustrate that the metal-peptide group and the β-hydroxydecanoyl chain of the metal-amphisin complexes play a major role in the changes of the polarity around Trp residues.
Drug potentiality
A number of microbiological lipopeptides have been studied for their possible therapeutic potential. Lipopeptides have specific physicochemical properties that make them successful in medical applications. Some lipopeptides are suitable alternatives to antimicrobial and antitumor agents and may be used as safe and effective therapeutic agents [47, 48] . In particular, through their ability to disturb the cell membranes integrity, destabilizing and permeabilizing them leading to metabolites leakage and ultimately to cell lysis [10] . Additionally, numerous drug delivery colloidal systems can be formulated using a mixture of structurally distinct surfactants, typically due to their self-assembly properties. This molecular self-assembly ability creates the possibility to use these compounds to dissolve and protect drugs from adverse external environments [49] .
Coordination of bioactive molecules to metal ions is a common strategy to improve the therapeutic potency and/or to reduce the toxicity of drug molecules. In several cases, the metal-ligand complexes have been found to present a better biological activity than the ligands themselves [21] . The resulting metal-ligand complexes frequently possess superior lipophilicity profiles compared to the free ligands, allowing them to more easily pass through cell membranes and therefore, to exert their biological effects. In silico activity testing of metal-amphisin complexes shows very good activity as antibacterial (88.8% for Ca 2+ -amphisin) and anti-cancer (100% for Zn 2+ -amphisin) agents ( -amphisin derivatives are within the required value (10-20%). It is also possible for amphisin and metalamphisin complexes to be metabolized by CYP450-2D6, which is one of the most important enzyme which metabolize nearly 25% of clinical drugs. These in silico results suggest that metal-amphisin complexes can be used as potential antibacterial and antitumor agents.
Conclusions
In the current study, we have investigated the interactions between divalent counterions and amphisin by ESI-MS and CD spectroscopy, molecular modelling and DLS. It was found that only mononuclear complexes were obtained. The result of circular dichroism indicates that the binding of metal ions induce considerable conformational changes in the amphisin. The fluorescence spectra revealed that static quenching mechanism is operative during binding of metal-amphisin complexes with BSA. Thus, this study provides a significant perception towards the understanding of interactions between metal-amphisin systems and BSA. The biological activities of lipopeptide amphisin, together with their compatibility with divalent metal ions, make them promising alternatives to synthetic surfactant in a wide range of medical applications. 
